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分析，主要成分为纯 Si 相与硅铜合金相，硅铜合金相以 Cu3Si 为主。 
2. 铸锭两相中有大量的微裂纹，特别是两相交界处微裂纹密度更大，这有利
于两相分离。两相之间没有明显在杂质富集和过渡相存在。 
3. 硅铜合金相对杂质元素 Fe 、Ca、P、B、O 等的吸附作用，使得这些元素
在硅铜合金相中聚集，有利于去除杂质。而硅铜合金相对杂质元素 Al 的吸附作用
不明显，杂质元素 Al 更多分布于纯 Si 相中。 
4. 定向凝固对 Fe 、Ca、Al 等金属杂质元素有明显的分凝作用，而 P 的分凝
不佳。定向凝固拉锭速度对杂质元素的分凝效果有影响作用，在三组对比试验中，

















Solar energy is a huge clean sustainable energy resoures, so solar power will 
probably become an important approach in solving the energy crisis and environment 
issues in the future, which has already been paid widespread attention around the world. 
Silicon is one of the base materials for solar cell production. With the rapid 
development of PV industry, the scrap of electronic grade silicon is far from sufficient 
for solar cell producing. On the other hand, chemical process, such as modified Siemens 
Method, can not be employed in manufacturing solar grade silicon since it is costly, 
high energy consumption, high pollution and dangerous. Under this background, 
metallurgical process to produce solar grade silicon has won its development 
opportunities, including slag refining, acid leaching, vacuum treatment, unidirectional 
solidification, electric beam melting, and plasma. Recently, it has been found that the 
segregation coefficients of impurities in silicon alloy with low melting point are much 
lower than that in silicon melt. Then unidirecitional solidification process by using 
silicon alloy to purify solar grade silicon has become a hot topic all around the world. 
In the present dissertation, a solidification furnace has been designed by our group. 
Metallurgical grade silicon and copper powder has been mixed by mass ratio of 1:1, and 
unidirectional solidification with this Si-Cu alloy has been investigated. Electron probe 
micro-analyzer (EPMA), scanning electron microscope (SEM) and X-ray diffraction 
(XRD) have been used for analyzing the structure, composition and cotent of the ingot. 
The the structure, composition, the removal of impurities of unidirectional solidification 
have been investigated. The effect of solidification speed on purification result has been 
discussed as well. The main contents are as follows: 
1. Middle part of ingot casting of Cu-Si alloy phase segregation area. A fine 
particles of pure silicon phase evenly distributed in the Cu-Si alloy phase segregation 
area. From center to edge of ingot casting including three parts, Cu-Si alloy phase 
segregation area, Cu-Si alloy phase segregation area and large particles pure silicon 
phase. Large particles pure silicon phase and Cu-Si alloy.Analsis in the ingot 
composition indicated pure silicon and Cu3Si as the dominant phases. 
2. Abundant microcracks, which contribute to seperation, occured in the ingot 
especially in the boundaries of phases.There are no obvious enrichment of impurity and 
transitional phase between silicon and Cu3Si phases. 















accounting for the alloy's adsorption for these elements. Meanwhile, Al concentrated in 
silicon phase. 
4. Directional solidification make great efforts in segregation of metal impurity 
elements such as Fe, Ca, Al.Phosphorus is difficult to separated from the 
silicon.Segregation ration increase with a decrease of inngot lifting velocity from 
10mm/h to 100mm/h. 
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第一章 绪 论 
1.1 立题背景 




2008 年底，全球太阳能电池累计安装量达到 16 GW，而 2009 年则达到 23 GW 
左右，其中欧洲以累计 16 GW 的安装居全世界首位，占全球累计安装量的 70 %。
其次是日本（2.6 GW）和美国（1.6 GW）。中国也已经跻身前十位，在未来几年里，
中国有望成为全世界的光伏大国。2009 年，中国太阳能电池产量达到 3.85 GW，

































MEMC、德山、三菱、住友)，在 2008 年之前他们占据了 90%以上的市场份额。
2008 年之后，韩国 OCI 公司异军突起，产能急剧扩大，目前已达到 17000 吨。据





入，预计 2010 年全球多晶硅总产量达 11.6 万吨，同比增长 22%，2011 年将达 14.9
万吨。当前中国多晶硅产业投资总额超过 1340 亿，实际已投资 470 亿，已建成产
能 4 万吨，在建产能 6 多万吨[4]。 
目前，中国大陆已经形成了包括高纯硅生产、太阳能电池及组件制造、光伏
系统安装及相关配套产业在内的较完整的太阳能光伏产业链。现有多晶硅投产企
业 25 家，产能 4.4 万吨，2009 年产量 2 万吨，出口达到 90%以上，国内市场未打
开；2009 年太阳能电池产量超过 4GW，同比增长 74%，占世界市场份额 40%，全
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1.2.1  化学法 
化学法提纯多晶硅是指将多晶硅通过化学反应转化为硅化物，然后对硅化物
进行蒸馏提纯后，再通过还原、分解等手段转化成高纯的硅。通过化学法提纯可
获得纯度为 9 N~12 N 的多晶硅，主要用于半导体工业。在过去很长一段时间里，
人们采用化学法的废弃料、拉单晶的头尾料来制备太阳能电池。目前多晶硅制备
中常用的化学法包括改良西门子法、硅烷法、硫化床法。 
1.2.1.1  改良西门子法 
1955 年，西门子公司成功开发了利用 H2 还原 SiHCl3 在硅芯发热体上沉积硅
的工艺技术，并于 1957 年开始了工业规模的生产，这就是通常所说的西门子法。


























门子法的生产流程是利用氯气和氢气合成 HCl（或外购 HCl），HCl 和工业硅粉在
一定的温度下合成 SiHCl3，然后对 SiHCl3 进行分离精馏提纯，提纯后的 SiHCl3 在
氢还原炉内进行化学气相沉积反应得到高纯多晶硅。改良西门子法包括五个主要


























是 SiHCl3，而硅烷法的中间产品是 SiH4。SiH4 是以 SiCl4 氢化法、硅合金分解法、
氢化物还原法、硅的直接氢化法等方法来制取，然后将制得的硅烷气提纯后在热
分解炉中生产纯度较高的棒状多晶硅。日本小松公司曾采用过此技术，但由于发




























图 1-2 硅烷法的工艺流程图 
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